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1. INTRODUCTION 
Expansive soils are found extensively throughout 
the world almost in every continent, mainly in the 
Mediterranean climate and semi-arid regions of 
tropical and temperate zones. These soils undergo 
volume changes (shrinkage and swelling) which are 
typically cyclic, in response to seasonal variations in 
moisture content. Destructive and significant 
structural damages to infrastructure caused by 
expansive soils have been reported in many 
countries including Australia, Canada, China, India, 
Saudi Arabia, South Africa and the United States. It 
is reported that in each year in the United States, 
expansive soils cause $2.3 billion in damage to 
houses, other buildings, roads, pipelines, and other 
structures. This is often considered more than twice 
the damage from floods, hurricanes, tornadoes, and 
earthquakes combined. In China, the annual loss due 
to damage caused to railway systems alone by 
expansive soils is estimated to be in millions. 
Although no reliable estimations are available, in 
Australia, the damage caused by expansive soils are 
deemed to be significant [1]. 
Physical properties including shrink-swell 
characteristics of expansive soils are difficult to 
improve. As a result, chemical stabilization using 
different combinations of additives such as lime, 
cement, fly ash etc., is considered as a preferred 
method of treating expansive soils. However, the 
use of this method is limited when conventional 
mixing is not possible for reasons of time, access 
and depth constraints. Therefore, at present, the only 
feasible strategy to combat the detrimental effects of 
expansive soils on infrastructure appears to be living 
with and adapting to it by using of higher grade 
construction materials and more extensive 
construction practices. Increased and more frequent 
repair and maintenance costs and reduced lifespan 
of infrastructure are also common consequences 
when built on expansive soils. These indirect and 
hidden costs could add significantly onto the overall 
economic impact caused by expansive soils. 
In this project, an in-situ soil treatment and 
stabilisation technique using electrokinetics is 
investigated to identify the potential of this 
technique to stabilize volume change (shrink-swell) 
characteristics of expansive soils. 
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2. ELECTROKINETIC (EK) SOIL TREATMENT   
The principles of electrokinetics involve applying a 
direct current to the soil via electrodes inserted in 
the soil. The passing of an electric current through a 
clayey soil medium stimulates the movement of ions 
held in the diffused double layer (DDL) of the clay 
minerals and other charged species present in the 
soil solution to migrate towards an oppositely 
charged electrode. This migration of charged species 
across the soil involves several mechanisms such as 
electroosmosis (migration of water through the 
capillary network of soil particles under the 
influence of an electric field), electromigration 
(transport of charged chemical species under an 
electrical gradient) and electrophoresis (movement 
of charged particles under an electric field). The 
combined effects of these complex electrochemical 
processes alter the physicochemical properties of the 
soil. 
There are reported instances extending back to 
the1930’s, about the use of electrokinetics to 
improve engineering characteristics of soil, for 
example to dewater and stabilize, to expedite the 
process of consolidation and to improve the shear 
strength [2].  Some of the subsequent documented 
evidences include, improving stability of 
excavations [3]; backfill strengthening and slope 
stabilization [3, 4], acceleration of consolidation [5, 
6, 7], improvement of physical properties of an 
expansive soil [8], strengthening of a soft marine 
sediment [9] and the treatment of dispersive soils [9, 
10, 11, 12, 13, 14, 15]. 
It is noticed that there are encouraging evidences of 
the possible successful use of electrokinetic methods 
to modify many engineering properties of clayey 
soils. However, any studies looking at the potential 
of electrokinetics to stabilise volume change 
characteristics of expansive soils are very limited. 
The purpose of this paper is to report and discuss the 
effects of electrokinetic treatments on volume 
change (shrink – swell) characteristics of some 
expansive clay soils.  
3. MATERIALS AND METHODS  
3.1. Experimental Soils 
Experiments were carried out on soils collected 
from an alluvial soil deposit (soil S1) and two 
basaltic soil deposits (soil S2 and S3) in central 
Victoria, Australia.  The soils were excavated within 
the depths of 0.3m to 1.2 m below the existing 
ground surface and were transported to the 
laboratory. The physical properties of these soils 
(untreated) were initially evaluated (Table 1) and 
were used as the datum for comparison of the results 
following the electrokinetic processing.  
 Table 1. Some properties of original soils. 
Soil Type 
Soil Property 
S1 S2 S3 
Clay content % 23 32 53 
LL (Liquid Limit)  40 56 78 
PL (Plastic Limit)  19 25 34 
PI (Plasticity Index) 21 31 44 
Linear Shrinkage % 7 12 32 
Free Swell Index % 31 65 128 
Shrink-Swell Index 1.48 4.23 4.27 
In-situ water content  % 29 35 47 
In-situ density (kg/m3) 1550 1500 1650 
 
3.2. Experimental Setup 
The laboratory experiments were carried out using 
the electrokinetic test methods developed at the 
University of Ballarat [11]. 
The tests were conducted in glass tanks of 900 mm 
by 350 mm plan area. A layer of soil was placed in 
the tank to represent field (in-situ) density and 
moisture content such that the compacted thickness 
of the soil layer is about 125mm. Two 25mm 
diameter, hollow mild steel tubes (with holes drilled 
through the walls) were placed 700 mm apart at both 
ends of the tank to serve as electrodes. Soil samples 
were supplied with a continuous flow of distilled 
water via the hollow core anode from external 
reservoirs, in order to aid the progress of EK 
processes. In separate experiments, direct currents 
(d.c.) were applied to the soil under various initial 
voltage gradients of 0.25, 0.5 and 1.0 V/cm for 
various treatment durations of  3, 5, 7, 11 and 14 
days. At the end of each treatment period, the soil in 
the middle 150 to 200mm section was tested for the 
volume change characteristics. 
3.3. Experimental Methods 
In this study, volume change potentials of soils were 
studied using consistency limits, linear shrinkage, 
the direct measurement using shrink-swell index and 
free swell index. 
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where Vs = volume of a given mass (10g) of fully 
dried soil; VL = final equilibrium volume when 
immersed in water in 100 ml graduated cylinder.  
The consistency limits experiments (Liquid Limit 
LL and Plastic Limit PL) and linear shrinkage tests 
were conducted using the method described in 
Australian Standard (AS 1289.3.1.1-1995).  
The experiments on electrokinetically treated soil 
were conducted on representative specimens 
prepared after drying and homogeneously mixing 
the entire soil volumes collected from each section 
at the given distance from anode. In this paper only 
the volume change properties of soil in the middle 
section is reported while EK effects on soil physical 
properties in other regions between the electrodes 
are reported elsewhere (e.g. 10, 11,12,15,25]. 
3
4. RESULTS  
4.1. Volume Change Properties of Original Soils 
The original soils were classified for their volume 
change potentials using the following three 
classification systems. 
Classification system A: method proposed by Van 
der Merwe (1946)[17] based on percent clay and PI. 
Classification system B: method proposed in AS 
1289.7.1.1.(1998) based on Iss.  
Classification system C: method proposed by Golait 
and Kishore (1990)[18] based on FSI. 
Table 2. Classification of original soils based on volume 
change potentials 
Classification system Soil 
Type A B C 
S1 M S M 
S2 H H VH 
S3 VH H VH 
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Figure 2. Variation of Liquid Limit (LL) and Plastic Limit (PL) of soils S1, S2 and S3  
with increasing EK treatment durations and increasing voltage gradients 
Note: VH = Very High; H = High; M = Moderate, S = Slight 
4.2. Variation of  Consistency Limits and 
Plasticity Characteristics 
The effects of EK treatments on plasticity 
characteristics were evaluated using consistency 
limits and the results are presented in Figure 2.  
 
 
It is observed that in general, under all EK treatment 
conditions (durations and voltage gradients) there 
are decreases in the PI. This is particularly 
noticeable for soils with higher clay contents. It is 
also noticed that the decrease in the PI is generally 
due to the decreases in the LL and the increases in 
the PL. 
Out of the three soil types, it is noticed that the 
higher the clay content (and therefore higher the 
initial PI), the higher the response to the EK 
treatment in terms of LL and PL variation.   
With the increase in treatment duration, in general, 
the PL appears to gradually increase with a gradual 
decrease in LL. This led to an overall decrease in the 
PI. It is also observed that, beyond certain treatment 
durations, the rate of variation of PI gradually 
diminishes. This is specially so for the soils with 
higher clay contents.  
With the increase in voltage gradient, there is a 
corresponding increase on the rate of PI variation 
(reduction) which is again more observable for soils 
with higher clay contents. 
The decrease in PI with EK treatment is generally in 
conformity with the observations made by Rogers et 
al, [19], in electrokinetic stabilisation of clay soils 
using lime and Abdullah and Al-Ababi, [8], in 
electrokinetic stabilisation of expansive clay soils 
using Ca and K. Some researchers [10, 12, 14] also 
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report decreases in the PI in electrokinetic 
stabilisation of dispersive soils using lime, although 
they noticed a slightly different variation patterns of 
LL and PL. This may be due to the presence of Na 
ions in the dispersive soils and their effects on the 
DDL and electrokinetic processes. 
In general, a decrease in PI value indicates the 
decrease in soil plasticity, and therefore a 
corresponding decrease in the volume change 
potential. 
4.3. Effects of Electrokinetics on Shrink Swell 
Index Iss 
Figure 3 presents the shrink-swell index results for 
soils S1, S2 and S3 with increasing treatment 
durations and increasing voltage gradients. 
The results indicate that there are significant 
decreases in Iss values both with the increasing 
treatment durations and increasing voltage 
gradients. The decrease in Iss is generally due to the 
decrease in both shrinkage and swelling potentials. 
w
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As revealed from these res
greater response to EK trea
by the soils with higher clay contents. With the 
increase in treatment duration, both shrinkage and 
swelling decreased with a resultant decrease in Iss. 
With the increase in voltage gradient, the Iss 
decreased at a higher rate producing quicker results. 
The decrease in Iss implies the reduction in volume 
change potential of a soil. 
4.4. Effects of Electrokinetics on Free Swell Index 
and Linear Shrinkage 
Figures 4 and 5 present the results of linear 
shrinkage and free-swell index tests respectively. 
The results show that both linear shrinkage and free 
swell index significantly decreased with EK 
treatment. These variations indicate the significant 
reduction in the potential for volumetric changes of 
these soils.   
Table 3 summarises the effects on the classification 
based on volume change potentials of the EK treated 
soils. It can be seen that the higher the voltage 
gradient the quicker the rate of variation of soil 
+  Swelling 
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modification of soil properties are almost 
insignificant.  
 Soil S1
0
5
10
15
20
25
30
35
40
0 5 10 15
Treatment Duration (Days)
Li
ne
ar
 S
hr
in
ka
ge
 %
0.5V/cm
1.0V/cm
2.0V/cm
Soil S2
0
5
10
15
20
25
30
35
40
0 5 10 15
Treatment Duration (Days)
Li
ne
ar
 S
hr
in
ka
ge
 %
0.5V/cm
1.0V/cm
2.0V/cm
Soil S3
0
5
10
15
20
25
30
35
40
0 5 10
Treatment Duration (Days)
Li
ne
ar
 S
hr
in
ka
ge
 %
 
 
15
0.5V/cm
1.0V/cm
2.0V/cm
Soil S1
0
20
40
60
80
100
120
140
0 5 10 15
Treatment Duration (Days)
Fr
ee
 S
w
el
l I
nd
ex
 %
0.5V/cm
1.0V/cm
2.0V/cm
Soil S2
0
20
40
60
80
100
120
140
0 5 10 15
Treatment Duration (Days)
Fr
ee
 S
w
el
l I
nd
ex
 %
0.5V/cm
1.0V/cm
2.0V/cm
Soil S3
0
20
40
60
80
100
120
140
0 5 10 15
Treatment Duration (Days)
Fr
ee
 S
w
el
l I
nd
ex
 %
0.5V/cm
1.0V/cm
2.0V/cm
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Variation of Linear Shrinkage of soils S1, S2 and S3 
with increasing EK treatment durations and increasing voltage 
gradients  
5. DISCUSSION 
It is known that the main influential factors of soil 
volume change are (i) the pore fluid characteristics 
(ions types and their concentrations, dielectric 
constant, pH etc) and (ii) the mineralogical 
composition and characteristics (clay content, DDL 
chemistry etc).  
Upon application of a direct current across the 
electrodes, the soil-liquid medium undergoes several 
physico-chemical, hydrological and mechanical 
changes due to various complex and inter-related 
electrochemical processes that take place within the 
soil porous media. These processes are known to 
modify the system chemistry of the soil porous 
media (DDL chemistry and the chemistry of the 
pore solution) that could subsequently vary many 
geochemical properties of clay soils [20, 21, 22]. 
With the application of a direct current, initially, 
water in the immediate vicinity of the electrodes is 
electrolysed. Oxidation occurs at the anode, while 
reduction takes place at the cathode. This creates an 
acidic medium at the anode and an alkaline medium 
at the cathode[10, 12, 23, 24, 25]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Variation of Free Swell Index (FSI) of soils S1, S2 
and S3 with increasing EK treatment durations and increasing 
voltage gradients  
Consequently, several simultaneous EK processes 
initiated within the porous media. These processes 
may include;  
(i) electroosmotic flow (due to the movement of 
the mobile part of the DDL towards the 
negatively charged electrode, imparting a 
viscous drag on the free water in the porous 
medium),  
(ii) electromigration of H, OH leading to the 
development of a clear pH gradient across the 
soil.  
(iii) electromigration of other ions towards the 
oppositely charged electrode,  
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(iv) adsorption/ desorption of ions in the DDL (for 
example, H ions are readily adsorbed by the 
negatively charged clay surfaces to satisfy the 
cation exchange capacity of the mineral. The 
amount of adsorbed cations depends on the pH 
of the soil) and  
(v) chemical reactions between migrating ions.  
At the same time, mineral dissolution due to 
changes in the pH could also increase the amount of 
ions in solution, ion migration, and electroosmotic 
flow. The low pH solution created at the anode may 
cause clay flocculation, which may produce a more 
open clay structure.  
As a result of these EK processes, ionic 
concentration in the DDL and the pore solution 
changes and the micro-structural properties of the 
clay minerals are modified. Subsequently, many 
clay properties including volume change 
characteristics are changed. The gradual decrease in 
soil volume change indicators such as PI, Iss, linear 
shrinkage and FSI observed in this study can 
therefore be assumed due to the changes in DDL 
chemistry that made clay minerals less susceptible 
to water. 
With the increase of treatment durations, these 
modifications appear to continue but with a 
gradually diminishing rate. This is due to the several 
other system complications develop within the 
porous media that could hinder the continuation of 
EK processes. The most prominent observation of 
these experiments was the development of drier 
areas between the electrodes that became visible at 
various times, generally between 5 to 12 days. This 
development was quicker for soils with higher clay 
contents and subjected to higher voltage gradients.  
Due to subsequent shrinking and consolidation of 
these dry areas, cracks developed in the soil layer 
between the regions of variable moisture conditions 
(between the dry and wet zones) creating almost 
non-conductive areas. 
With the changes in the conductivity of the pore 
solution, differentials in the voltage gradients 
develop at local regions along the soil profile 
generating non uniform electroosmotic flow rates 
between regions. Due to low permeability of the soil 
and subsequent slow migration of water from anode 
to cathode, there is insufficient water flow from the 
anode region towards the cathode to balance and 
compensate the prevailing electro-osmotic flow 
developed at the cathode. This leads to regions 
closer to anode dry out quicker relative to the other 
regions. Therefore, a dry zone is gradually created 
closer to the anode even with the ingress of water 
through an anode compartment. Some researchers 
[10, 12, 26] reported somewhat similar results for 
low permeable soils subjected to electrokinetic 
processing. 
Table 3. Variations of volume change potentials of EK treated 
soils  
Classification 
System 
Soil 
type 
Voltage 
gradient 
(V/cm) 
Treatment 
duration 
(days) A B C 
Untreated M S M 
3, 4 or 5 M - M 
7 M S L 
11 M - L 
0.5 
14 M S L 
3,4 or 5 M - M 
7 M S L 
11 M - L 
1.0 
14 M N L 
3, 4 or 5 M - L 
7 M N L 
11 M-L - L 
S1 
2.0 
14 M N L 
Untreated H H VH 
3, 4 or 5 H M VH 
7 M M H 
11 M M L 
0.5 
14 M S L 
3, 4 or 5 H - M 
7 H M L 
11 H-M S L 
1.0 
14 M S L 
3, 4 or 5 H S M 
7 H N L 
11 H-M N L 
S2 
2.0 
14 H-M N L 
Untreated VH H E 
3, 4 or 5 VH M E 
7 H M VH 
11 H - M 
0.5 
14 H M M 
3, 4 or 5 VH - E 
7 H M M 
11 H - M 
1.0 
14 H N M 
3, 4 or 5 H N VH 
7 H N L 
11 H - M 
S3 
2.0 
14 H N M 
Note: VH = Very High; H = High; M = Moderate, S = Slight, 
L = low; N = Non reactive, - = test not conducted. 
Similarly, other geochemical reactions such as 
precipitation (precipitation of some inorganic 
species into hydroxide salts at high pH environment 
at cathode) dissolution, redox and complexation 
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(complexation could reverse the charge of the ion 
and might reverse direction of migration). These 
processes can significantly impact electrokinetic 
remediation and can retard the process. These 
complications would have slowed down the EK 
processes and the rate of change of soil properties.   
With the increasing voltage gradient, the rate of 
variation (reduction) of measured soil properties 
was higher and much quicker. This is mainly due to 
the development of ionic redistribution 
complications at a higher and rapid rate with higher 
voltage gradients. Also, the other system 
complications such as the development non-
conductive regions across the soil leading to 
settlements, consolidation and shrinkage etc., could 
also take place at a higher rate with high electrical 
potentials. The combined effects of these 
consequences appear to have contributed to the 
apparent quicker diminishing of EK processes with 
increasing voltage gradients. 
These observations also indicate that, for a given 
soil, the optimal results would be achieved under 
optimal voltage gradients and time durations, at 
which development of system complications would 
be minimal.  
6. CONCLUSIONS 
This paper presents laboratory experimental results 
of a study undertaken to investigate the effects of 
electrokinetic treatments on the volume change 
properties of three expansive soils. From the results 
presented, the following conclusion can be made. 
The consistency limits change with the 
electrokinetic treatments indicating a noticeable 
decline in the PI. The LL decreased and PL 
increased which resulted this decrease in the PI.   
The results indicate that there are significant 
decreases in Iss values both with the increasing 
treatment durations and increasing voltage 
gradients. The decrease in Iss is generally due to the 
decrease in both shrinkage and swelling potentials. 
The results show that both linear shrinkage and free 
swell index decreased with electrokinetic treatment.  
Out of the three experimental soils, soils with higher 
clay contents showed a higher response to many of 
the electrochemical, geochemical and dynamic 
processes. 
The test results show that with electrokinetic 
treatments, the volume change potentials of the 
experimental soils reduced to a greater or lesser 
degree depending on the magnitude of the voltage 
gradient and processing time. Under certain voltage 
gradients and treatment durations, some 
experimental soils transformed from extremely 
reactive status to a slightly or almost non-reactive 
condition. Maximum benefits were achieved under 
optimal voltage gradients and durations that appear 
to depend on clay mineralogy and clay content. In 
general, higher voltage gradients produced more 
rapid results in reducing volume change potentials; 
however, they also lead to detrimental processes 
such as excessive drying, shrinking and cracking of 
soil, thus devaluing the merit of the treatment. The 
experimental results suggest the potential of 
developing electrokinetic treatment technique to 
stabilise volume change properties of expansive 
soils effectively and efficiently. However, the test 
results also highlight the need for further 
investigations both in the lab and field that could 
lead to the development of possible practical 
methods.  
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